Abstract: Using a single set of optics, we demonstrate ultrabroad tuning over more than 1300 nm from 1973 to 3349 nm in Cr:ZnSe and from 1962 to 3195 nm in Cr:ZnS at <10 GHz linewidth. Mid-infrared lasers, based on divalent chromium-doped II-VI materials have been known for over a decade now and promise the broadest possible operation bandwidth Δ / among all known room-temperature solid-state active media [1] . The interest to these media is still growing, supported by the constant progress of commercially available pump sources like Er-and especially Tm-doped fiber lasers. Many binary and ternary Cr
Mid-infrared lasers, based on divalent chromium-doped II-VI materials have been known for over a decade now and promise the broadest possible operation bandwidth Δ / among all known room-temperature solid-state active media [1] . The interest to these media is still growing, supported by the constant progress of commercially available pump sources like Er-and especially Tm-doped fiber lasers. Many binary and ternary Cr 2+ -doped compounds have been tested, most advanced being Cr:ZnSe and Cr:ZnS. These lasers allow multi-watt [2] , tunable diode-pumped [3] , and broadband femtosecond operation that have been successfully implemented for spectroscopy and sensing [4] .
The possibility of wide tuning has been always an aim of almost every report on continuous-wave and pulsed operation of Cr 2+ -based lasers. In particular, Cr:ZnSe has been shown to operate from 2.0 to 3.1 µm in continuouswave regime (using two different sets of optics) [3] and from 1880 to 3100 in pulsed regime (using four sets of optics) [5] . With a single set of conventional dielectric optics, the tuning range is limited to about 800 nm.
In addition to direct use of the narrow-linewidth tunable operation mode for spectroscopic and sensing applications, demonstration of the broad tuning range is extremely important for the few-cycle femtosecond operation and frequency comb generation, as a proof of the effective bandwidth of the active medium gain and of the optics.
In this work, we present the ultrabroadband tunable laser operation of ceramic and single-crystalline Cr:ZnSe and Cr:ZnS materials, using the novel hybrid mirrors that allow covering of over 1300 nm range with a single set of optics, and generating over 600 mW of output power.
A number of routes has been tested for fabrication of bulk TM:II-VI gain and passive Q-switch crystals, that include melt or vapor growing techniques. The dopant can be present in the starting charge, and also added later by diffusion doping. Under atmospheric pressure II-VI crystals are sublimed at a temperatures 60-70% of the melting temperatures, therefore melt growth techniques, in addition to high temperature, have to apply high pressure, up to 75x10 5 Pa. This makes melt growth techniques hardly commercial viable at the moment. On the other hand, the control of the amount of Cr 2+ ions incorporated in the crystal is difficult using vapor growth techniques.
It has been recently demonstrated that hot-pressed ceramics are a promising and viable "alternative route" for the synthesis of large-scale mid-IR laser media based on chromium doped ZnSe. Hot-pressed Cr:ZnSe laser materials can be made quickly, with any dopant concentration, and many varied geometries. However, the optical quality of the fabricated hot-pressed Cr:ZnSe ceramic material is still not adequate for effective laser operation and this technology requires a significant effort to reach maturity.
Diffusion-doping of already grown and pre-processed crystals and ceramics has been used quite extensively and successfully. Its main drawbacks include qualitative nature of doping (hard to fabricate crystals with a pre-assigned concentration of dopant), non-uniform doping, large concentration gradients, degradation of optical quality of the crystals due to sublimation of Zn and Se sub-lattices, and, finally, the procedure has poor repeatability. The experimental setup used a single-prism cavity, as shown in Fig. 1 . The mirrors as used for this work have been designed and prepared using a hybrid technology, combining semiconductor and dielectric materials. This allows increasing the index contrast and hence the bandwidth of the mirrors that reached over 1400 nm at 99% reflectivity (Fig. 1) . The transmission of the input coupler at pump wavelength was about 92%. Besides the high reflectors and an output coupler, all other surfaces were Brewster-oriented. With maximum 5.4 W of available power, about 5 W reached the samples, which were 2 and 2.3 mm thick, respectively, both having unsaturated absorption of ~65 % at pump wavelength. The samples were edge-mounted with copper holders without active cooling.
The measurements were performed at open air, with relative humidity 35-55%. The results are shown in Fig 2 and 3 . The output spectrum has been analyzed by a FTIR spectrometer. Without frequency selection, the probes behaved differently. The Cr:ZnSe sample would produce a nearly single-line output at 2510 nm, while Cr:ZnS sample generated a >100 nm broad multi-peaked spectrum around 2440 nm. Even near the threshold, the output spectrum contained 5-7 nearly equidistant lines within a 20-nm band. We attribute this behaviour to the residual birefringence of the ZnS ceramics, resulting in a weak Lyot-type action.
With a prism inserted, the laser output turns single-line. At full resolution of the spectrometer, the linewidth of the output was equal to the apodized device resolution of 0.25 cm -1 or 7.5 GHz, meaning that the real linewidth did not exceed that value. In the 2.4 -2.9 µm range, where water vapour absorption lines are especially strong (see gray spectra in Figs. 2 and 3 , normalized to the round-trip resonator length of 120 cm at 40% r.h.), the laser would tune only by switching frequencies to positions between the absorption lines, sometimes generating double-line output under strong pumping. To avoid this, dry air purging or complete evacuation would have been necessary.
Besides the optics bandwidth, the parameters of the active media play a crucial role to achieve the broadest possible tuning. At the lower-wavelength side, the gain curve of a Cr 2+ -doped overlaps with the pump band, making the active medium to operate at a quasi-three-level scheme. To reach shorter wavelengths, one should thus make sure that the crystal is well saturated by the available pump power on its full length. At this side of the spectrum, the obtained results can be improved only by stronger pumping, preferably by a pulsed source [5] . On the long-wavelength side, the most important parameter is the crystal quality, as the dwindling gain has to compensate the passive losses in the active medium along with other loss sources in the cavity. Judging from the achieved results, we expect that the optimized output coupler (with smaller transmission on the long-wavelength side) may allow achieving even further tuning into the infrared. Summarizing, we have demonstrated the broadest ever tuning of Cr:ZnSe and Cr:ZnS lasers, with output powers reaching 600 mW and operation linewidth <10 GHz. We were able to reach wavelength beyond 3300 nm in a continuous-wave regime at room temperature. Ultrabroad tuning range of over 1300 nm has been demonstrated using the single set of optics. The key improvements are the high quality of the ceramic active media materials and novel hybrid optical coating producing over 1400 nm wide HR band. The demonstrated extreme bandwidth of the optics and gain materials opens the way to single-cycle operation of these lasers in the mode-locked femtosecond regime.
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